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SUMMARY

 

Xenobiotic-metals such as mercury (Hg) and silver (Ag) induce an H-2 linked antinucleolar autoanti-
body (ANolA) production in susceptible mice. The mechanism for induction of ANolA synthesis is not
well understood. However, it has been suggested that both metals interact with nucleolar proteins and
reveal cryptic self-peptides to nontolerant autoreactive T cells, which in turn stimulate specific autore-
active B cells. In this study, we considered this suggestion and asked if mercury and silver display, if not
identical, similar cryptic self-peptides, they would induce comparable ANolA responses in H-2 suscep-
tible mice. We analysed the development of ANolA production in mercury- and/or silver-treated mice
of H-2

 

s

 

, H-2

 

q

 

 and H-2

 

f

 

 genotypes. We found that while mercury stimulated ANolA synthesis in all strains
tested, silver induced ANolA responses of lower magnitudes in only H-2

 

s

 

 and H-2

 

q

 

 mice, but not in H-
2

 

f

 

 mice. Resistance to silver in H-2

 

f

 

 mice was independent of the dosage/time-period of silver-treatment
and non-H-2 genes. Further studies showed that F

 

1

 

 hybrid crosses between silver-susceptible A.SW (H-
2

 

s

 

) and -resistant A.CA (H-2

 

f

 

) mice were resistant to silver, but not mercury with regard to ANolA pro-
duction. Additionally, the magnitudes of mercury-induced ANolA responses in the F

 

1

 

 hybrids were
lower than those of their parental strains. The above differential ANolA responses to mercury and silver
can be explained by various factors, including the different display of nucleolar cryptic peptides by these
xenobiotics, determinant capture and coexistence of different MHC molecules. Our findings also sug-
gest that the ability of a xenobiotic metal merely to create cryptic self-peptides may not be sufficient for
the induction of an ANolA response.
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INTRODUCTION

 

Chemically induced autoimmune manifestations in laboratory
animals have been used as experimental models to study systemic
autoimmune diseases (reviewed in [1–3]). Among these models,
murine mercury-induced autoimmunity has gained special inter-
est. This is chiefly because autoantibodies with certain specificities
can be induced in this model easily and with high reproducibility.
The most specific autoantibodies, which are produced after
chronic exposure to subtoxic doses of mercury in susceptible
mice, are antinucleolar autoantibodies (ANolA) [4,5]. These
autoantibodies react with fibrillarin [6–8], a 34–36 kDa protein
which is associated with U3, U8, U13, U14, X and Y small nucle-
olar RNAs in vertebrates [9]. Synthesis of ANolA is probably the
most striking feature of murine mercury-induced autoimmunity
and possesses three peculiarities. First, its induction requires T

cells, particularly T-helper (CD4

 

+

 

) cells [10]. Secondly, mercury-
induced ANolA share several similarities in binding to fibrillarin
with that of ANolA found with high titres in sera of some patients
with scleroderma [8,11,12]. Thirdly, its development is under strict
control of H-2 genotype, i.e. only mouse strains of H-2

 

s

 

, H-2

 

q

 

 and
H-2

 

f

 

 genotypes irrespective of their non-H-2 genes produce
ANolA in response to mercury [13–19]. By using intra-H-2
recombinant mouse strains, susceptibility to mercury-induced
ANolA production could be mapped to the I-A loci of H-2 class
II genes [15]. It has been shown that the other H-2 class II locus
(I-E) either suppressed [14] or did not influence the mercury-
induced ANolA response [15]. These features make the murine
model of mercury-induced ANolA production suitable for study-
ing the mechanism by which environmental factors can trigger
MHC associated specific autoimmune responses.

In the past few years, studies have shown that another metal,
silver (Ag), could also induce ANolA/antifibrillarin autoantibod-
ies (AFA) in mercury-susceptible mouse strains which carried I-
A

 

s

 

 genotype, e.g. SJL, A.SW, B10.S and A.TH [20–22]. Interest-
ingly, in most cases, silver-induced ANolA production resembled
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that of mercury-induced ANolA [20–22]. This, and the fact that
mercury and silver as xenobiotic metals are able to form strong
chemical bonds with organic donors [23], led the investigators to
propose a general mechanism for induction of ANolA production
by mercury [2] and silver [22] in genetically susceptible mice.
According to this proposition, mercury, silver and possibly other
heavy metals by having high affinity for different organic donors
bind tightly to several protein side-chains creating stable metal-
protein complexes. Formation of metal–protein (here mercury–,
silver–fibrillarin) complexes results in an incomplete protein
unfolding. Further enzymatic cleavage of this incomplete
unfolded protein would lead to the creation of cryptic self-pep-
tides capable of binding to the MHC (H-2 in the mouse) class II
molecules in susceptible mice [2,22]. Metal-induced presentation
of cryptic self-peptides induces an activation in nontolerant nucle-
olar specific T cells, which in turn elicit an ANolA response [2,22].
Based on this suggestion, we deduced that if exposure to mercury
and/or silver would result in displaying of similar or identical
cryptic nucleolar peptides, mouse strains with susceptible H-2
genotypes (H-2

 

s

 

, H-2

 

q

 

 and H-2

 

f

 

) would respond to these xenobi-
otics correspondingly (if not equally). In the present study, we
performed experiments to verify our deduction.

 

MATERIALS AND METHODS

 

Mice

 

Female B10.S (H-2

 

s

 

), B10.G (H-2

 

q

 

) and B10.M (H-2

 

f

 

) mice were
purchased from Harlan (Harlan Olac Ltd, Bicester, UK). Female
FVB/N (H-2

 

q

 

) mice were obtained from M & B A/S (M & B A/S,
Ry, Denmark). Breeding couples of A.CA (H-2

 

f

 

) and A.SW (H-
2

 

s

 

) were obtained originally from the animal facilities at the
Microbiology and Tumor Biology Center (MTC), the Karolinska
Institute, Stockholm, Sweden. These strains, as well as (female
A.SW 

 

¥

 

 male A.CA) F

 

1

 

 and (female A.CA 

 

¥ 

 

male A.SW) F

 

1

 

hybrids, were then produced further and kept in the animal facil-
ities of the Department of Immunology, Stockholm University.
The mice were kept under 12-h dark and 12-h light cycles and
were given food pellets and tap water 

 

ad libitum

 

. All mice were 4–
8 weeks old at the beginning of each experiment.

 

HgCl

 

2

 

 and AgNO

 

3

 

 treatment

 

A solution of 0·4 mg/ml HgCl

 

2

 

 (analytical grade, Merck, Darms-
tadt, Germany) was prepared in sterile 0·9% NaCl solution. A
solution of 0·573 mg/ml AgNO

 

3

 

 (analytical grade, Merck, Darm-
stadt, Germany) was prepared in sterile water. Groups of the dif-
ferent mouse strains as well as F

 

1

 

 hybrids (4–13 mice/group as
indicated in the figures or figure legends) were injected subcuta-
neously (s.c.) with either 0·1 ml of HgCl

 

2

 

 (1·6 mg/kg body weight)
or AgNO

 

3

 

 (2·5 mg/kg body weight) solutions every third day for 4
weeks. Control groups received 0·1 ml of sterile 0·9% NaCl by s.c.
route.

In a dose–response experiment, different groups (four mice
per group) of B10.M (H-2

 

f

 

) and FVB/N (H-2

 

q

 

) mice were injected
s.c. with 0·1 ml AgNO

 

3

 

 solutions of different doses (2·5, 5·0 and
7·5 mg/kg body weight) every third day for 4 weeks (FVB/N mice)
or 8 weeks (B10.M mice). Control groups received 0·1 ml of ster-
ile 0·9% NaCl solution by the s.c. route.

 

Blood collection and serum preparation

 

At the end of each treatment period, the mice were bled by ret-
roorbital puncture under light methophane anaesthesia. Thereaf-

ter the mice were killed by cervical dislocation. The blood from
each mouse was allowed to clot at 4

 

∞

 

C and serum was separated
after centrifugation. The sera were kept at 

 

-

 

20

 

∞

 

C until tested for
antibody/autoantibody content.

 

Detection of ANolA by indirect immunofluorescence (IIF)

 

The presence of IgG1, IgG2a, IgG2b and IgG3 ANolAs in sera
was determined by an indirect immunofluorescence method as
described previously [18,19]. Briefly, rat-liver sections or HEp-2
cells grown as monolayers on slides were used as substrates and
FITC-conjugated goat antimouse IgG (Cedarlane Laboratories
Limited, Ontario, Canada), IgG1, IgG2a, IgG2b and IgG3 as
detection antibodies (Southern Biotechnology, Birmingham, AL,
USA and/or Caltag Laboratories CL, USA) (the sensitivity of
FITC-conjugated antibodies from these two different sources
were compared and found to be comparable). The pattern and
titres of ANolA were then assessed under a Reichard-Jung Poly-
var microscope (Vienna, Austria). The initial dilution for the sera
was 1 : 50. When at this dilution no specific green fluorescence was
detected, the result was recorded as ‘0’ (zero). The highest dilu-
tion of mouse sera at which nucleolar fluorescence could be
detected was defined as the titre of IgG, IgG1, IgG2a, IgG2b and/
or IgG3 ANolA.

 

Detection of ANolA by immunoblotting

 

For immunoblotting, nuclear extract was prepared from HEp-2
cells as described by Behrens 

 

et al

 

. [24]. Briefly, Hep-2 cells
(ATCC, Rockville, MD, USA) grown in MEMEagle with 

 

L

 

-
glutamine and Earle’s BSS medium (G

 

IBCO

 

/BRL, Life Technol-
ogies AB, Täby, Sweden), containing 1·0 m

 

M

 

 sodium pyruvate,
0·1 m

 

M

 

 non-essential amino acids, penicillin (50 units/ml)/strep-
tomycin (50 

 

m

 

g/ml) and 10% fetal calf serum (FCS) were treated
with trypsin and harvested by centrifugation and re-suspended in
PBS-Earle and centrifuged again to obtain a cell pellet. The cell
pellet was resuspended in buffer A (10 m

 

M

 

 Hepes-KOH, pH 8,
10 m

 

M

 

 KCl, 1·5 m

 

M

 

 MgCl

 

2

 

, 0·5 m

 

M

 

 dithioerythrithol) and incu-
bated on ice for 10 min. The cells were then centrifuged again and
the cell pellet was resuspended in buffer A and thereafter the cells
were broken by 10 strokes in a 40-ml douncer. The cytoplasmic
membrane was removed by two successive centrifugations in a
JA-20 rotor for 10 min at 1000 g and then 20 min at 25 000 

 

g

 

. The
obtained pellet (cell nuclei) was resuspended in buffer C (20 m

 

M

 

Hepes-KOH, pH 8, 420 m

 

M

 

 NaCl, 1·5 m

 

M

 

 MgCl

 

2

 

, 0·5 m

 

M

 

 dithio-
erythrithol, 0·5 m

 

M

 

 PMSF, 0·2 m

 

M

 

 EDTA, pH 8, 25% v/v glyc-
erol). The nuclei were broken by 10 strokes in a 40-ml douncer.
The resulting suspension was stirred on ice for 30 min. The
nuclear membrane was removed by centrifugation in a JA-20
rotor at 25 000 

 

g

 

 for 30 min. The nuclear extract was dialysed with
buffer G (20 m

 

M

 

 Hepes-KOH, pH 8, 150 m

 

M

 

 KCl, 1·5 m

 

M

 

 MgCl

 

2

 

,
0·5 m

 

M

 

 dithioerythrithol, 0·5 m

 

M

 

 PMSF, 0·2 m

 

M

 

 EDTA, pH 8, 5%
v/v glycerol).

Seventy-five 

 

m

 

l of the nuclear extract was mixed with 250 

 

m

 

l of
sample buffer containing 2ME and boiled for 5 min [25] and then
subjected to electrophoresis on 12% SDS polyacrylamide gel and
transferred to a nitrocellulose membrane at 250 mA for 1 h in
25 m

 

M

 

 Tris (pH 8·3), 192 m

 

M

 

 glycine and 20% methanol [26]. The
nitrocellulose membrane was saturated in TBS (Tris-buffered
saline) containing 5% non-fat dry milk at room temperature (RT)
for 14 h. The nitrocellulose membrane was then washed with
TTBS (TBS 

 

+

 

 0·05% Tween) and cut into strips and incubated
with the sera of mercury-, silver-, and saline-injected mice diluted
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1 : 100 in TTBS containing 1% non-fat dry milk (TTBS

 

-

 

1% milk)
at RT for 14 h. After two washes with TTBS, the bound antibodies
on the strips were detected with alkaline phosphatase-conjugated
goat antimouse IgG1 (Southern Biotechnology, Birmingham, AL,
USA) diluted 1 : 2500 in TTBS

 

-

 

1% milk and incubated at RT for
2 h. After three successive washes with TTBS (twice) and TBS
(once), the strips were exposed to the colour developer, AP-
Purple (Intergen, MA, USA).

 

Statistical analysis

 

Serum titres of IgG1, IgG2a, IgG2b and IgG3 ANolA were shown
as the mean 

 

+

 

 1 s.e. (standard error). We estimated s.e. because it
represents the expected standard deviation of the statistic in the
case where a large number of samples (here animals) had been
used. The difference between mercury-, silver- and saline-injected
animals for these parameters was subjected to statistical analysis
using the Wilcoxon–Mann–Whitney test. The differences between
the mice, which were injected with different doses of silver for the
above-mentioned parameters, were subjected to statistical analy-
sis using the multiple comparisons test. All analyses were per-
formed using WinSTAT software (R. Fitch Software, Medma AB,
Vänerborg, Sweden).

 

RESULTS

 

Differential mercury- and silver-induced ANolA production 
in susceptible mice

 

In order to test whether mercury and silver use similar mecha-
nism(s) to induce ANolA production, groups of H-2-congenic
mouse strains on a B10 genetic background (B10.S, B10.G and
B10.M), which carried the permissive H-2 genotypes for ANolA
production (H-2

 

s

 

, H-2

 

q

 

 and H-2

 

f

 

, respectively) were injected con-
tinuously with mercury, silver and/or as controls, with saline for
4 weeks. At the end of the experiment, the sera were tested for the
presence of ANolA of different IgG isotypes by using an IIF tech-
nique. As shown in Fig. 1a–d, and Fig. 2b,d,f, mercury was able to
induce ANolA production of different IgG isotypes (mainly
IgG2a and IgG2b and slightly IgG1) in all H-2-congenic strains
tested as compared to the saline-injected controls. However, the
magnitude of mercury-induced ANolA synthesis varied among
the H-2-congenic strains, i.e. the highest and lowest serum titres of
IgG (different isotypes) ANolA were found in B10.S (H-2

 

s

 

) and
B10.M (H-2

 

f

 

) mice, respectively (Fig. 1a–c). Mercury-treated
B10.G (H-2

 

q

 

) mice exhibited an intermediate increase in the
serum levels of IgG1, IgG2a and IgG2b ANolA (Fig. 1a–c).

Compared to mercury, silver was only able to induce ANolA
production in B10.S (H-2

 

s

 

) and B10.G (H-2

 

q

 

), but not in B10.M
(H-2

 

f

 

) mice (Fig. 1a

 

¢

 

–d

 

¢

 

) and (Fig. 2c,e,g). In addition, treatment
with silver resulted in the development of lower serum titres of
IgG2a and IgG2b ANolA in B10.S (H-2

 

s

 

) and B10.G (H-2

 

q

 

) mice
(Fig. 1b

 

¢

 

–c

 

¢

 

) as compared with mercury-treatment in identical
mouse strains (Fig. 1b–c). Because, in response to silver, B10.S
and B10.G produced only low levels of ANolA (compared to
mercury), it was possible that the ANolA levels in mercury- and
silver-treated B10.M (H-2

 

f

 

) mice were below detection. To rule
out this possibility, we measured the serum levels of IgG ANolA
in these mice by a panreactive anti-IgG (H 

 

+

 

 L) reagent. While
mercury-injected B10.M (H-2

 

f

 

) mice exhibited high titres of IgG
ANolA in their sera, none of the silver-injected B10.M (H-2

 

f

 

)
mice showed any detectable IgG ANolA in their sera (not
shown). These results show that mercury and silver stimulate

ANolA production differentially in H-2 susceptible mice and that
H-2

 

f

 

 genotype is a resistant genotype for silver-induced ANolA
production.

Studies on mercury- and silver-induced ANolA production
have shown that B10 genes (non-H-2 genes) negatively influenced
the susceptibility to ANolA synthesis [13,16,18]. Therefore, it was
possible that B10 non-H-2 genes rather than H-2

 

f

 

 genes conferred
the non-responsiveness to silver-induced ANolA synthesis in
B10.M mice. To rule out this possibility, mercury- and silver-
induced ANolA production were tested in mice carrying suscep-
tible H-2 genotypes for ANolA synthesis on other background
(non-H-2) genes such as FVB/N and A. Groups of A.SW (H-2

 

s

 

),
FVB/N (H-2

 

q

 

) and A.CA (H-2

 

f

 

) mice were treated with mercury,
silver and/or saline for 4 weeks. At the end of the experiment, the
sera were tested for the presence of ANolA of different IgG iso-
types by using an IIF technique. Again, as shown in Fig. 3a–b,
mercury induced high serum titres of both IgG1 and IgG2a
ANolA, in all tested mouse strains. The serum titres of mercury-
induced IgG1 and IgG2a ANolA in A.CA (H-2

 

f

 

) mice were
higher than those in A.SW (H-2

 

s

 

) (which are H-2-congenic with
A.CA) and FVB/N (H-2

 

q

 

) mice (Fig. 3a–b). High titres of IgG2b
ANolA and low levels of IgG3 ANolA were also found in the sera
of mercury-injected A.CA mice (H-2

 

f

 

) (Fig. 3c–d). These findings
demonstrate that in addition to H-2

 

s

 

 and H-2

 

q

 

 genotypes, H-2

 

f

 

genotype is also a highly susceptible genotype for mercury-
induced ANolA production.

The development of silver-induced ANolA production in
A.SW (H-2

 

s

 

) and FVB/N (H-2

 

q

 

) and A.CA (H-2

 

f

 

) mice was very
similar to that observed in B10 H-2-congenic mice. Again, silver-
injected mice with H-2

 

s

 

 (A.SW) and H-2

 

q

 

 (FVB/N) genotypes
exhibited high serum titres of IgG ANolA (here IgG1 and IgG2a
isotypes), whereas none of the mice with H-2

 

f

 

 (A.CA) genotype
showed any detectable IgG ANolA (IgG1, IgG2a, IgG2b and
IgG3 isotypes) in their sera (Fig. 3a

 

¢

 

–d

 

¢

 

). This was despite the find-
ing that A.CA (H-2

 

f

 

) mice were highly susceptible to mercury-
induced ANolA production (Fig. 3a–d). As in H-2 congenic B10
mice, silver-treated A.SW (H-2

 

s

 

) and FVB/N (H-2

 

q

 

) mice exhib-
ited lower serum titres of IgG ANolA (Fig. 3a

 

¢

 

–d

 

¢

 

) compared with
those treated with mercury (Fig. 3a–d). These results confirm the
finding that H-2f genotype is a silver-resistant H-2 genotype and
that in susceptible mice, ANolA responses induced by silver is
weaker than those, which are induced by mercury.

Evaluation of mercury- and silver-induced ANolA production 
by immunoblotting
We next performed experiments to confirm that the antibody
response against nucleolar antigens observed in the responder
mice includes fibrillarin, the main target antigen for both mer-
cury- and silver-induced ANolAs. Sera from mercury-, silver and
saline-treated A.SW (H-2s), FVB/N (H-2q) and A.CA (H-2f) mice
were analysed for their specificities against nucleolar proteins by
using an immunoblotting technique. As shown in Fig. 4, sera from
all mercury-treated strains [(A.SW (H-2s), FVB/N (H-2q) and
A.CA (H-2f)] strongly blotted a 36-kDa nucleolar protein, corre-
sponding to human fibrillarin [27]. Compatible with our findings
with IIF, we found that only sera from silver-treated A.SW (H-2s),
FVB/N (H-2q), but not A.CA (H-2f) mice were able to blot the 36-
kDa protein (Fig. 4). In addition, sera from silver-treated mice
blotted the fibrillarin less than mercury-injected sera (Fig. 4).
These findings demonstrate that resistance to silver-induced
ANolA in H-2f mice includes AFA as well.
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Unresponsiveness to silver-induced ANolA in mice with H-2f 
genotype is independent of silver dosage and treatment duration
It has been shown that an optimal concentration of silver (0·01%
of AgNO3 in drinking water) was required in order to induce an
ANolA response in the susceptible SJL (H-2s) mice and that the
development of silver-induced ANolA was proportional to dura-
tion of silver-treatment, i.e. increasing the time period for the sil-
ver-treatment resulted in the occurrence of higher serum titres of
ANolA [20]. Therefore, it was possible that either the concentra-
tion of and/or treatment-duration with silver did not reach the
threshold for the induction of ANolA production in H-2f mice. To
test this possibility, three groups of B10.M (H-2f) and FVB/N (H-
2q) mice received different subtoxic concentrations of AgNO3

(2·5 mg/kg, 5·0 mg/kg and 7·5 mg/kg body weight) for 8 (B10.M
mice) or 4 (FVB/N) weeks, controls received sterile saline. At the
end of the experiment, the sera were tested for the presence of

ANolA of different IgG isotypes by using an IIF technique. As
depicted in Fig. 5a–d, neither increment of silver dosage nor pro-
longation of silver-treatment period (from 4 weeks to 8 weeks)
was able to induce ANolA production in B10.M (H-2f) mice. In
FVB/N (H-2q) mice, increasing the dosage of silver to 5 mg/kg
body weight caused slight increases in serum titres of IgG2a and
IgG3 ANolA compared with those which were induced by 2·5 mg/
kg body weight (Fig. 5b,d). However, these increases were not
statistically significant.

F1 hybrid crosses between a silver-resistant (H-2f) 
and -susceptible (H-2s) genotype are resistant to silver, 
but not to mercury
In order to investigate how unresponsiveness to silver-induced
ANolA production in mice with H-2f genotype is inherited,

Fig. 1. Induction of antinucleolar autoantibodies (ANolAs) of various IgG isotypes in H-2 congenic B10 mice injected with mercuric
chloride (HgCl2) and silver nitrate (AgNO3). Groups of female B10.S (H-2s), B10.G (H-2q) and B10.M (H-2f) mice were injected repeatedly
subcutaneously (s.c.) with HgCl2 (solid bars, upper panel) or AgNO3 (solid bars, lower panel) and/or NaCl (open bars) for 4 weeks. At the
end of each experiment the mice were bled and killed. The sera were tested for the presence of ANolA by using an indirect immunofluo-
rescence (IIF) method. Rat liver sections were used as substrates. Data are shown as mean + 1 se. Significant differences between the
parameters in mercury- or silver- and saline-injected mice were calculated by Wilcoxon–Mann–Whitney test. *P < 0·05; **P < 0·01;
***P < 0·001. N.T.: not tested.
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Fig. 2. Anti nucleolar autoantibody (ANolA) pattern in mercury- and silver-injected B10.S (H-2s), B10.G (H-2q) and B10.M (H-2f) mice.
Sera collected from mercury- (left panel, b, d and f) and silver-injected (right panel, c, e, g) B10.S (H-2s) (b-c), B10.G (H-2q) (d,e) and
B10.M (H-2f) (f,g) mice, as described for Fig. 1 were tested for IgG2a ANolA using an indirect immunofluorescence (IIF) method. A serum
collected from a saline-injected mouse (a) was used as the negative control. Rat liver sections were used as substrates. Arrows indicate the
clumpy nucleolar staining in the responder mice. Magnification ¥ 400. Serum dilution 1 : 200.
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groups of F1 hybrid crosses between silver susceptible, A.SW (H-
2s) and its H-2 congenic silver resistant A.CA (H-2f) mice
[(A.SW ¥ A.CA) F1 and/or (A.CA ¥ A.SW) F1 hybrids] were
treated continuously with mercury, silver or as controls, with
saline for 4 weeks. Thereafter, the development of IgG1 and
IgG2a ANolA production was evaluated in these mice, using IIF
method. As shown in Fig. 6a–b, all [9/9] the F1 hybrids (irrespec-
tive of having silver-susceptible, A.SW or -resistant, A.CA) mice
as the female parental strains) responded to mercury by produc-
ing IgG1 and IgG2a ANolA. However, the magnitude of mer-
cury-induced IgG1 and IgG2a ANolA synthesis in the F1 hybrids
(Fig. 6a–b) was lower than those in their parental strains A.SW
and A.CA (Fig. 3a–b).

In contrast to mercury-injected mice, the vast majority [8/9] of
silver-treated F1 hybrids exhibited no detectable titres of IgG1
and/or IgG2a ANolA in their sera (Fig. 6a–b). The only silver

responder F1 hybrid showed a very low serum level of IgG1 and/
or IgG2a ANolA (Fig. 6a–b). These observations suggest that
resistance to silver in H-2f mice is inherited as a dominant trait in
the F1 hybrids.

DISCUSSION

In the present study, we considered the ‘cryptic peptide hypothe-
sis’ as the working hypothesis for the heavy metal-induced
ANolA production and performed experiments to address the
question whether mercury and silver induce comparable ANolA
responses in H-2 susceptible mouse strains. Consistent with the
previous study [21], we found that similar to mercury, silver was
able to induce ANolA/AFA in mice with H-2s and H2q mice, irre-
spective of their non-H-2 genes. These findings indicate that H-2s

and H-2q genotypes per se are able to confer susceptibility to both

Fig. 3. Induction of antinucleolar autoantibodies (ANolAs) of various IgG isotypes in mercury- and silver-treated A.SW (H-2s), FVB/N
(H-2q) and A.CA (H-2f) mice. Groups of female A.SW (H-2s) (solid and open circles), FVB/N (H-2q) (solid and open squares) and A.CA
(H-2f) (solid and open polygons) mice were injected repeatedly subcutaneously (s.c.) with HgCl2 (solid symbols, upper panel) or AgNO3

(solid symbols, lower panel) and/or NaCl (open symbols upper and lower panels) for 4 weeks. At the end of each experiment the mice
were bled and killed. The sera were tested for the presence of ANolA using an indirect immunofluorescence (IIF) method. Hep-2 cell line
was used as the substrate. Data are shown as mean + 1 s.e. Significant differences between the parameters in mercury- or silver- and saline-
injected mice were calculated by Wilcoxon–Mann–Whitney test. *P < 0·05; **P < 0·01; ***P < 0·001.N.T.: not tested.
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mercury- and silver-induced ANolA/AFA production. The find-
ings that the magnitudes of silver- and mercury-induced ANolA
synthesis in B10.S (H-2s) and B10.G (H-2q) mice were lower than
those in A.SW (H-2s) and FVB/N (H-2q) mice support the sug-
gestion that non-H-2 genes in B10 mice confer a down-regulatory
effect on the synthesis of ANolA induced by mercury and silver
[13,15,16,18,21].

We also observed that after treatment with mercury and/or
silver, susceptible mice with B10 background produced ANolA
mainly of IgG2a and IgG2b isotypes, whereas mice with A or
FVB/N background developed preferentially IgG1 and IgG2a
ANolA. This suggests that non-H-2 genes e.g. cytokine genes that

control the in vivo immunoglobulin selection [28] may also play
an important role in selective appearance of IgG isotypes of
metal-induced ANolAs. Therefore, it is likely that in mice with
B10 background, treatment with mercury and silver predomi-
nantly activate cytokine genes that belong to CD4+ T helper type
1 cells, while in mice with A and FVB/N background similar treat-
ments turn on both T helper type 1 and 2 cytokine genes. This like-
lihood is supported by our previous study, in which we
demonstrated that mercury was able to induce both T helper 1
and T helper 2-types of responses in susceptible mice [29].

Although silver and mercury exhibited similarities in induc-
tion of ANolA production in susceptible H-2s and H-2q mice,
there were three major differences between these xenobiotic met-
als with regard to ANolA synthesis. First, in the all tested suscep-
tible strain, the magnitudes of silver-induced ANolA responses
were lower than those which were induced by mercury. This indi-
cates that silver is less potent than mercury in stimulation of the
ANolA response in susceptible H-2s and H-2q mice.

The second and striking difference between the two xenobi-
otics was that mercury, but not silver was able to induce ANolA/
AFA production in susceptible mouse strains of H-2f (B10.M and
A.CA) genotype as determined by both IIF and immunoblotting.
Unresponsiveness to silver-induced ANolA production in H-2f

mice could not be attributed to suppressive effects of non-H-2
genes, as A.CA (H-2f) mice (with the non-H-2 genes, highly per-
missive for ANolA production) were completely resistant to sil-
ver. In addition, neither low dosage nor short time period of silver
treatment could be accounted for the resistance to silver in H-2f

mice. It has been suggested that expression of I-E molecules of
MHC class II in xenobiotic-susceptible mice might have suppres-
sive effects on the development of ANolA production [14]. How-
ever, this suggestion is not valid for silver-treated H-2f mice, as
these mice do not express the I-E complex because of predomi-
nant synthesis of an Ea mRNA of aberrant size [30]. These find-
ings indicate that H-2f mice, despite carrying susceptible H-2
genotype and having the capacity to develop ANolA, do not pro-
duce ANolA in response to silver.

The third and perhaps most striking difference between mer-
cury and silver was that F1 hybrid crosses between H-2 congenic
silver-susceptible A.SW (H-2s) and silver-resistant A.CA (H-2f)
mice were found to be resistant to silver, but not mercury. This
observation was novel and surprising. As silver-susceptible (H-2s)
and -resistant (H-2f) H-2 haplotypes are expressed co-dominantly
in the F1 hybrids, we expected to observe at least some degrees of
ANolA responses in the silver-injected F1 hybrids (H-2s/f). Unre-
sponsiveness of F1 hybrids (H-2s/f) to silver cannot be attributed to
the absence of nucleolar/fibrillarin specific T cells or lack of spe-
cific T cell help, because both H-2s and H-2f haplotypes are per-
missive haplotypes for the development of nucleolar/fibrillarin-
specific T cells. In fact, our finding that mercury could induce
ANolA synthesis in the F1(H-2s/f) hybrids indicates that T cells
capable of helping or activating antinucleolar/fibrillarin B cells
are present in these hybrids. Thus, it seems very likely that the
expression of silver-resistant H-2f haplotype (here I-Af) on the
antigen presenting cells per se confers the resistance property to
silver-induced ANolA synthesis in the F1 hybrids.

How do mercury- and silver-induced differential ANolA
responses in H-2s, H-2q and H-2f mice and their F1 hybrids
(A.SW ¥ A.CA) F1(H-2s/f) tally with the current hypothesis ‘for-
mation cryptic peptides’ [2,22] as the mechanism of metal-
induced ANolA production? Based on our current knowledge

Fig. 4. Immunoblotting of sera from mercury- and silver-treated A.CA
(H-2f), FVB/N (H-2q) and A.SW (H-2s) mice using nuclear extract from
Hep-2 cells. Nitrocellulose strips blotted with a Hep-2 nuclear extract were
incubated with a representative serum (at 1 : 100 dilution) from an A.CA
(H-2f), a FVB/N (H-2q) and an A.SW (H-2s) mouse injected with saline
(lanes 1, 4 and 7), silver (lanes 2, 5 and 8) and mercury (lanes 3, 6 and 9)
as described in Fig. 3. Thereafter, the bound IgG antibodies were detected
with alkaline phosphatase-conjugated goat antimouse IgG1 (see Materials
and methods for further description). A relatively strong staining of a 36-
kDa band corresponding to fibrillarin (as indicated by an underlined aster-
isk) can be observed in all mercury-treated mice (lanes 3, 6 and 9). Sera
from silver-treated FVB/N (H-2q) and A.SW (H-2s) mice also show a weak
staining of the same band (lanes 5 and 8). However, the serum from the
silver-treated mouse A.CA (H-2f) shows no staining of the corresponding
band (lane 2).
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Fig. 5. Dose–response of FVB/N (H-2q) and B10.M (H-2f) mice to silver-induced anti nucleolar autoantibody (ANolA) production. Groups
of female FVB/N (H-2q) and B10.M (H-2f) mice were injected repeatedly subcutaneously (s.c.) with the indicated dosage of AgNO3

(horizontally striped, cross-hatched and solid bars) or NaCl (open bars) for either 4 (FVB/N mice) or 8 (B10.M mice) weeks. At the end of
each experiment the mice were bled and killed. The sera were tested for the presence of ANolA by using an indirect immunofluorescence
(IIF) method. Rat liver sections were used as the substrate. Data are shown as mean + 1 s.e. Significant differences between the parameters
in silver- and saline-injected mice were calculated by Wilcoxon–Mann–Whitney test. *P < 0·05; **P < 0·01; ***P < 0·001. Significant differ-
ences between the parameters in mice injected with different concentrations of silver were calculated by multiple comparisons test. n.s.: Not
significant.
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Fig. 6. F1 hybrid crossetween a silver-resistant (H-2f) and -susceptible (H-2s) genotype are resistant to silver, but not to mercury. Groups
of F1 hybrid crosses between silver-susceptible, A.SW (H-2s) and its H-2 congenic silver-resistant A.CA (H-2f) mice [(A.SW ¥ A.CA) F1

and/or (A.CA ¥ A.SW) F1 hybrids] were treated continuously with mercury (filled circles), silver (filled squares) or as controls, with saline
(open squares) for 4 weeks. Thereafter, the mice were bled and killed. The sera were tested for the presence of IgG1 (a) and IgG2a (b)
ANolA by using an indirect immunofluorescence (IIF) method. Hep-2 cell line was used as the substrate. Data are shown as mean + 1 s.e.
Significant differences between the parameters in mercury-, silver- and saline-injected mice were calculated by Wilcoxon–Mann–Whitney
test. **P < 0·01. n.s.: Not significant.
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about the presentation of cryptic self-determinants to T cells, and
based on our findings, we answer this question by suggesting that
mercury and silver might use similar pathways to induce ANolA
synthesis. However, they create and/or display dissimilar self
cryptic-peptides, which lead to differential production of ANolA
in the susceptible strains. Two types of experimental and hypo-
thetical evidence can support our suggestion. First, the results
from studies in which mouse lysozyme (ML) was used as a model
of self-protein, have shown that there was a strong association
between the crypticity of self-determinants and the H-2 of the
host and that a cryptic determinant in one H-2 haplotype was not
necessarily cryptic in another one [31]. If we apply these state-
ments in the context of our above-mentioned findings, we can
conceive that mercury and silver by having different affinity for
organic donors (owing to their chemical properties) form dissim-
ilar complexes with the nucleolar protein, fibrillarin. While mer-
cury–fibrillarin complexes would lead to the creation and display
of determinants, which are cryptic in the context of H-2s, H-2q and
H-2f genotypes, silver–fibrillarin complexes would create deter-
minants that are cryptic only in the context of H-2s and H-2q, but
not H-2f genotype.

Secondly, our finding that H-2f mice and their F1(H-2s/f)
hybrids were resistant to silver-, but not mercury-induced ANolA
production can also be explained by the determinant capture
hypothesis [32]. This hypothesis suggests that during antigen
processing, the unfolding antigen binds to an MHC through its
most available determinant and is then trimmed down to the final
size, while the rest of the antigen molecule, including cryptic
determinants is discarded [32]. Moreover, according to this
hypothesis, when there are several MHC molecules on the APCs,
there will be a competition among these different MHC mole-
cules competing for binding to the same processed determinant.
Therefore, it is possible that in silver-injected H-2f mice and their
F1(H-2s/f) hybrids, during the unfolding of fibrillarin, I-Af mole-
cules bind effectively to dominant or subdominant fibrillarin
determinants and discard the cryptic-self determinants. Thus, the
lack of crypticity and/or the absence of cryptic determinants
would result in unresponsiveness to silver-induced ANolA pro-
duction in mouse strains with H-2f genotype as well as in their
F1(H-2s/f) hybrids.

Although our findings could be explained in the context of
‘formation cryptic self-peptides’, they do not dismiss the possibil-
ity that merely the creation of cryptic self-peptide by a xenobiotic
is insufficient for the induction of ANolA responses. In fact, the
current model of T cell activation enlightens this possibility. With
regard to this model, T cell activation requires two signals, a spe-
cific one, which is acquired by the interaction between specific T
cell receptor and MHC/peptide presented by an antigen-present-
ing cell (APC) and a non-specific one, which is provided under
inflammatory conditions and results in the expression of co-stim-
ulatory molecules such as B7 [33]. By applying this model to the
xenobiotic metal-induced ANolA production, one can conceive
that merely the displaying of cryptic self-peptides (signal one) by
a metal would not be sufficient for induction of an ANolA
response and that the expression of co-stimulatory molecules is
also required. Therefore it is likely that, compared to mercury, sil-
ver is generally less efficient in providing co-stimulating condi-
tions (as it is less toxic than mercury) for ANolA production in H-
2 susceptible strains, i.e. the lowest efficacy can be seen in the mice
with H-2f genotype. In fact, our finding that compared to mercury-
injected mice, silver-injected mice exhibited lower magnitudes of

ANolA responses in all tested strains is in agreement with this
likelihood.

Taken together, the findings in our study have important
implications in understanding the susceptibility or resistance to
some autoimmune diseases such as rheumatoid arthritis in which
genetic factors (particularly MHC class II genes) and environ-
mental factors are believed to play important roles in predisposi-
tion and development of the disease [34]. Our results also suggest
that a particular autoimmune-associated susceptible MHC gene
or locus, in combination with another susceptible and/or resistant
MHC allele, might significantly change the susceptibility pattern
towards the protection from the disease.
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